Vast, pristine ecosystems and their biodiversity are vanishing globally at frightening speed, but many large tracts of wilderness have not yet been systematically inventoried and important natural populations of threatened species remain poorly characterized. The forest-savanna ecotone of the Eastern Central African Republic (CAR) is one such poorly studied area. Using camera traps, transect walks and collected fecal samples, we provide the first quantitative survey of chimpanzees (Pan troglodytes) in this region previously classified as a highly important chimpanzee conservation unit. In contrast to species distribution models and expert predictions, we did not find any evidence of chimpanzees in the large and remote forest blocks west of the Chinko River despite considerable search effort. Our study thus highlights the limitations of relying solely on remote sensing data to predict the presence or absence of endangered species and illustrates the necessity of extensive field surveys to accurately assess occurrence and density in remote areas. However, we did discover a sizeable and reproducing population of chimpanzees east of the Chinko River. Based on a density of 0.81 chimpanzees/km 2 in closed canopy forest that we inferred from nest count data, we estimate 910 weaned chimpanzees to inhabit the Chinko Nature Reserve (CNR) and further predict additional 2700 individuals in adjacent, unmanaged hunting zones and reserves. According to microsatellite data, these chimpanzees genetically cluster with P. t. schweinfurthii populations in East Africa. Conservation action and appropriate management plans are urgently needed to protect this important population and to prevent heavily-armed nomadic pastoralists from the Sahel, illegal miners, as well as elephant and meat poachers, from irretrievably destroying the natural vegetation and local biodiversity of the area.
Introduction
We are currently facing a dramatic loss of biodiversity as well as naturally functioning ecosystems, and the conservation and preservation of these require substantial international effort (UNEP-WCMC and IUCN, 2016; WWF, 2016) . In order to assess current levels of threat, we prioritize focal areas and propose appropriate and cost-effective conservation actions, requiring detailed and localized knowledge on the status of biodiversity and endangered wildlife populations (Oates, 2006; Schipper et al., 2008; Stuart et al., 2004; Tear et al., 1993) . Interestingly, the biodiversity of some of the largest remaining wilderness areas such as vast parts of the Amazonian basin or central Africa, have not yet been systematically assessed and often not even inventoried (Hicks et al., 2014; Schipper et al., 2008) . As a result, entire ecosystem communities, but also major populations of threatened species, are widely neglected in current conservation action plans (Darwall et al., 2011; Riggio et al., 2012) .
A particularly understudied wilderness area is the Eastern Central African Republic (CAR), a heterogeneous ecotone of pristine moist forests and open savanna woodlands (Blom et al., 2004; East, 1999; Roulet et al., 2007) . Our recent surveys in this region revealed an astonishingly large diversity of species, including chimpanzees (Pan troglodytes). Much of the forest and savanna-woodland of the southeastern CAR was traditionally assumed to be occupied by chimpanzees ( Fig. 1 , (Butynski, 2001; Caldecott and Miles, 2005; Goodall, 1986; Hillman, 1982; Kormos et al., 2003; Oates et al., 2008; Plumptre et al., 2010; Tuttle, 1986 ), but to our knowledge, no systematic field survey was ever conducted in this region. In addition, historical reports of chimpanzees from this region are extremely rare and mostly vague (Henriot, 2014; Kormos et al., 2003) , yet anecdotal evidence by safari hunters and operators suggested that chimpanzees had been observed east of the Vovodo River (Plumptre et al., 2010) . In line with this, two chimpanzee nest sites and footprints were spotted during a two-week reconnaissance survey in the Zémongo Reserve (Roulet et al., 2007) , but no evidence of chimpanzees was found during two elephant surveys west of the Chinko River including the Bangassou forest constituting the largest forest patch in the Eastern CAR (Fay, 1991; Williamson et al., 2004) .
In contrast to these limited records, two recent ecological modeling approaches across all of Africa predicted the habitat of the Eastern CAR to be largely unsuitable for chimpanzees, except for isolated patches southwest of the Chinko river where occurrences were predicted to be more likely (Junker et al., 2012; Plumptre et al., 2010) . Given the conflicting information, the Eastern Chimpanzee Status Survey and Conservation Action Plan 2010-2020 (Plumptre et al., 2010) predicted a chimpanzee conservation unit (CCU) east of the Vovodo river and ranked it as the 5th most important CCU for conservation given the expected ecological uniqueness of a chimpanzee population in the Eastern CAR, but identified the area southwest of the Chinko river as one of the five priority areas for further surveys. Interestingly, the area in between these rivers was largely considered void of chimpanzees. However, the report also acknowledged limitations of the modeling approaches used due to a clear lack of data, and emphasized an urgent need for surveys in that region to determine the current status of chimpanzees and to identify priority populations and major conservation threats.
Here we report the results of an extensive chimpanzee survey in the Eastern CAR that revealed the presence of a robust but threatened population of chimpanzees. Using the collected data we address four main questions about this population: 1. What is the current spatial distribution of chimpanzees in the Eastern CAR? 2. What is the density and structure of the chimpanzee population in the region? 3. What is the habitat preference of chimpanzees in this forest-savanna ecotone? 4. What is the relationship with other known chimpanzee populations outside the CAR? Answers to these questions will provide critical information about chimpanzees in the Eastern CAR and form the basis for the development of a chimpanzee conservation action plan for that region.
Material and methods

Study area
The headwaters of the rivers Kotto, Mbari, Chinko and Ouara in Eastern CAR belong to the last continuous savanna and rainforest ecosystems in Africa without permanent human settlements ( Fig. 1 ). Remotely accessible from few main roads surrounding the area and the four major rivers crossing it from north to south, the region encompasses about 85000 km 2 of virtually intact Medio-Sudanian and Sudano-Guinean savanna with patches of Congolian lowland rain forest along rivers, streams and gorges. Average annual precipitation varies from 1,000 ( ± 90) to 1500 ( ± 180) mm (Adler et al., 2003; Boulvert, 1986; Cmap and NOAA, 2012 ) on a gradient from northeast to southwest. There is one single rainy season from end of March until October peaking in August, followed by a dry season. Average monthly temperatures range between 22.5°C ( ± 0.5) in December and 27.5°C ( ± 1.0) in April. No forestry or agricultural exploitation takes place in the study area, but localized illegal mining, meat and ivory poaching as well as ever increasing temporal grazing by nomadic pastoralists from the Sahel are found throughout the region (Blom et al., 2004; Roulet et al., 2007; Tidjani, 2015) . The entire Chinko River basin and adjacent regions in the Eastern CAR are officially classified as hunting zones or nature reserves and represent one of the largest formally protected wildlife areas in Africa. Currently only few hunting zones are actively managed and the Zémongo Faunal Reserve, as other reserves and national parks in the north, is currently not managed (Blom et al., 2004) . This study took place in the Chinko Nature Reserve (CNR), an official conservation area created in 2014 and encompassing the former hunting zones Bas Chinko 48, Chinko 40, Mbari 39 and Vovodo Chinko 41. The reserve was created by the government of the CAR in close Fig. 1 . Shown is the location of the Chinko Nature Reserve (CNR) in the Eastern Central African Republic (CAR) along with the assumed distribution of the Eastern (green), Central (magenta) and Nigerian-Cameroon (blue) chimpanzees. For Eastern Chimpanzee, two distributions are indicated: A) based on (Butynski, 2001) with updates from IUCN (IUCN SSC A.P.E.S. database, Drexel University and Jane Goodall Institute, 2016), B) additional areas based on revised map from (Plumptre et al., 2010) . Dots indicate chimpanzee populations used to assign genotypes from the CNR. GQ = Equatorial Guinea, DRC = Democratic Republic Congo, RW = Rwanda, BI = Burundi. Map of Africa adapted from (Wikimedia, 16:45, 7 April 2011) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) collaboration with the Central African NGO "Chinko Project", of which we (TA and RH) were cofounders, to protect an extensive tropical forest and savanna ecosystem in which evolutionary processes are chiefly driven by natural forces. Its location in central Africa makes the CNR a crucial stronghold for focal flagship species like the Eastern giant eland (Tragelaphus derbianus gigas), African wild dog (Lycaon pictus), lion (Panthera leo), African forest elephants (Loxodonta cyclotis), giant forest hog (Hylochoerus meinertzhageni), hippopotamus (Hippopotamus amphibius), Lelwel hartebeest (Alcelaphus buselaphus lelwel) and lowland bongo antelope (Tragelaphus eurycerus eurycerus). The area is currently managed by the NGO "African Parks Network" and is under way to become an official Faunal Reserve.
Data collection
We conducted extensive field surveys between January 2012 and December 2016 in a study area of approximately 12500 km 2 within the CNR. In total, we set up camera traps at 597 distinct locations ( Fig. 2 ) resulting in a total effort of 21,062 camera trap days, and walked reconnaissance transects totaling > 1750 km.
We used 275 Bushnell camera traps (Trophy Cams 119436-119776), but also 40 Cuddeback Professional NoFlash (Model 1354) and 12 Reconyx HC500 HyperFire Semi-Covert IR. All camera traps were mounted on trees at about 40-60 cm above ground and least 3 m from the focal point to successfully capture both small (e.g. mice) as well as large animals (e.g. elephant). At each location, camera traps were put on animal path or near prominent structures like fallen trees or termite mounds to maximize encounter rate on a local scale and the angle to the path or structure was 45°or less to increase detection rate of a moving target. No lure or bait was used, but some of the salt licks were stocked with minerals by the management to attract herbivorous animals from far away.
Given the remoteness of the area, most camera traps were placed on foot often far from camps in a demanding environment also frequented by poachers, rebels and illegal nomadic pastoralists. This not only imposed constraints in term of accessibility of certain areas, but also resulted in the loss or failure of > 25% of camera traps due to vandalism. However, we tried hard to stick to standardized protocols as follows: About half of the camera trap effort was used to uniformly survey particular areas using a grid approach to compile a complete inventory of larger mammals and larger ground birds in the area. The remaining camera trap effort was used to record focal species for census purposes (initially mainly leopards and Eastern giant elands) by placing them in hot spots or bonanzas with high detectability (salt licks, major animal paths and roads), or to cover special geographical and environmental features such as lakes.
In early February 2015, we discovered chimpanzees during a three month targeted expedition east of the Chinko River ( Supplementary  Fig. A1 ). Over the course of this survey, camera traps were run for two distinct sessions. In the first session (January 30th to March 21st), 38 camera traps were distributed across 37 locations within a minimum convex polygon of 333 km 2 but with a kernel of higher density consisting of 28 camera traps in a polygon of 88 km 2 . Given 14 cameras were lost or failed, this session resulted in a total effort of 1085 camera trap days. In the second session (April 14th to 29th) we used 65 camera traps, of which eight were set up at each site where chimpanzees were detected in the first session and the remaining were used to extend the geographic range surveyed to the south and east. In total, the camera traps were set up at 60 distinct locations extending 44 km east-west and 11 km north-south within a minimum convex polygon of 447 km 2 . All 65 camera traps were collected after 2 to 14 days, of which two experienced technical failures. The limited survey effort and pronounced heterogeneity of observation time for this second session is a result of the remoteness and inaccessibility of the area that prevented us from collecting the camera traps in the same order they were set out. In summary, this session resulted in a total effort of 500 camera trap days ( Supplementary Tables A1 and A2 ).
To locate chimpanzee nests, we walked 86.2 km of line transects with an average speed of 2.1 km per hour in closed canopy forest (CCF) patches of different sizes. While we stuck meticulously to the predefined straight line transects within forest patches, transects from multiple patches were combined in loops of reconnaissance trails to maximize the time spent in forests. In very large forest patches we sometimes had to change course to ensure we would be back at our camp before sunset. In the few cases a change of direction was necessary, the transect was broken in two segments and we did not include the 40 m (more than twice the detectability) between the segments in our analysis (see Supplementary Fig. A1 for an example). GPS coordinates of all transects were recorded using the software LOCUS Pro on a smartphone (Samsung Galaxy SII and Sony Xperia) and we used high resolution satellite imagery from Google Earth for navigation. For each nest encountered along the transects we recorded the exact location and measured the perpendicular distance to the transect and the nest height in meters using a Leica Rangemaster CRF 1600 or standard meter scale. We controlled for other nests after spotting nests from the transect. The age of every nest was estimated in days by trained and experienced local trackers (Bigoloko Gérmain Mongolo, Gbongbo Raymond and Gangbo Hervé) based on the decay of building material. These assistants were all former poachers of elephants and larger wildlife (including chimpanzees in case of Raymond) and were especially trained by the authors to conduct line transects and standing crop count surveys.
Community structure, size and composition
Long-term studies have shown that chimpanzees live in dynamic social structures made up of highly fluid parties which change composition and interact regularly with other parties of the same community (Boesch, 1996; Goodall, 1986; Nishida, 1979; Watts, 1998; Wrangham et al., 1996) . While our relatively short period of observation does not enable any inference on these long-term dynamics of chimpanzees in the Eastern CAR, we described the temporary structure and composition as follows: First, we identified communities as groups of individuals that were foraging and nesting autonomously for up to several weeks in a confined geographic area in which we regularly found either direct (camera trap pictures, sightings or vocalizations) or indirect (fresh nests or scats) evidence for the presence of chimpanzees. Communities were considered separated if individuals were recorded concurrently (within < 5 h) in two distinct geographic areas at least 5 km apart, which is above the assumed distance covered by chimpanzees within that time (Boesch and Boesch-Achermann, 2000) . Second, we inferred a conservative minimum group size and composition by identifying individuals on camera trap pictures of a community based on i) morphological features such as fur color, scars, stature and facial features, ii) because they were recorded on the same picture or during a sequence of pictures of a group passing a camera trap, or iii) because they were recorded concurrently in distant locations. Third, we estimated lower and upper bounds on the size of the area used during the survey period as, respectively, the minimal convex polygon encompassing all direct and indirect observations such as camera trap pictures, nests, sightings and vocalizations, and a circle with a radius encompassing the area of the forest cluster within which the presence of chimpanzees cannot be excluded based on our survey.
Chimpanzee density estimation
Since most line transects were visited only once, we used standingcrop nest count (SCNC) methods based on distance sampling (Buckland et al., 2001) to estimate the abundance of weaned chimpanzees in the CNR (Tutin and Fernandez, 1984) . While there are many SCNC methods available (Kühl et al., 2008; Reynolds, 1997a, 1996; Tutin and Fernandez, 1984) , we chose here to follow (Plumptre and Reynolds, 1997b) by first inferring nest density D n using the software DISTANCE 6.2R1 (Thomas et al., 2010) , from which we estimated weaned chimpanzee density D c as
where t is the mean lifetime of nests and r the number of nests built per builder per day, for which we used several values from the literature to assess robustness. For the nest production rate we used i) r = 1.14 as reported for three habituated wild chimpanzee communities in Tai National Park, Republic of Côte d'Ivoire (Kouakou et al., 2009 ) and ii) and r = 1.09, a value often cited in the literature and reported from both the Budongo forest (Plumptre and Reynolds, 1997a) and the lowland tropical forest in northern Congo (Morgan et al., 2006) . For the mean nest lifetime t we evaluated 22 studies from 16 different locations across the whole species range of chimpanzees (Blom et al., 2001; Carvalho et al., 2013; Devos et al., 2008; Fleury-Brugiere et al., 2010; Ghiglieri, 1979; Hall et al., 1998; Hicks et al., 2014; Ihobe, 2005; Kouakou et al., 2009; Marchesi et al., 1995; Matthews and Matthews, 2004; Moyer et al., 2006; Ogawa et al., 2006; Reynolds, 1997a, 1996; Pruetz et al., 2002; Serckx et al., 2014; Stewart et al., 2011; Tutin and Fernandez, 1984; Van Krunkelsven, 2001) . We then considered the median estimate per location to obtain four different estimates used in this study: the median estimate of all ecotone locations matching our habitat (Lopé NP Gabon, Niokolo Koba NP Senegal, forest-savanna mosaic of western DRC, Ugalla Forest in Tanzania, Haut Niger NP in Guinea and Lagoas de Cufada Natural Park in Gambia, 140 days), the median estimate of all 16 locations (120 days), as well as 1.5 × more and less than this global median (180 and 80 days, respectively). These values span a large range and are close to or higher than the rough estimate of the mean nest lifetime (78.22 days) we obtained from the estimated age of all observed nests. We ran the inference both on individual nests as well as nest-groups, which we defined as a group of nests of the same age of which each is closer than a certain distance (nest-group distance, NGD) to at least one other nest of the same group. We used a NGD of 20 m, as is frequently done in the literature (Kouakou et al., 2009) , as well as a conservative NGD of 102 m, which ensures that all nests of the same presumed age that we found in the same locality are considered as a single group (see below).
Habitat preferences
We used the software QGIS 2.4.0-Chugiak (QGIS Development Team, 2014) and Matlab R2014b to classify the land cover of the Eastern CAR at a resolution of 30 × 30 m pixels into five major habitats: Closed Canopy Forest (CCF), Open Savanna Woodland, Dry Lakéré Grassland, Wet Marshy Grassland and Surface Water. The study region corresponds to the combined area of four Landsat images, but to obtain a high visibility despite cloud cover and smoke from fires, we retrieved twenty Landsat images taken between January and February (dry season) of 2014 and 2015. A supervised classification was performed with Matlab using six spectral bands (Red, Green, Blue, Near Infrared, Short-wave Infrared and Thermal Infrared), the Normalized Difference Vegetation Index (NDVI), altitude, slope, aspect derived from the digital elevation model SRTM-30m of the Shuttle Radar Topography Mission (Farr and Kobrick, 2000) , and some morphological indicators (entropy and reconstruction). The remote sensing data were calibrated with observed ground truth based on surveys from 2012 to 2016 (mean Cohen's kappa of 0.91). We then used the resulting habitat map to assess the chimpanzee habitat preferences by comparing the habitat composition in circular areas around observed nest sites (one location per nest group with NGD 102 m) with that around 5000 random locations chosen within CCF in the region inhabited by chimpanzees. We then calculated the distance.
where d 1 , d 2 and d b are the average euclidean distances between habitat composition vectors for respectively all pairs of true nest sites (d 1 ), all pairs of random locations (d 2 ) and all pairs with one vector from each group (d b ). Significance of this distance was then assessed using 10 5 random permutations of group labels. This analysis was repeated at ten different biologically meaningful scales (0.001, 0.005, 0.020, 0.078, 0.31, 1.25, 5, 20, 80 and 250 km 2 ) spanning from the area comprising all nests of a single group up to the assumed home range of chimpanzee communities in savanna habitat (Ogawa et al., 2006; Pruetz and Lindshield, 2012) .
Microsatellite genotyping
From March to April 2015 we sampled 16 fresh chimpanzee scats from a few minutes up to a few hours after deposition. The scats were sampled at six different sites which form three clusters 8.5, 9.2 and 18.2 km apart that each represents one of the communities outlined below (Fig. 3) . Either the surface of large solid scats, or entire droplets of soft feces, were transferred with a wooden stick into a TPP Cryo tube 50 (89050, PP) or a 15 ml TPP Centrifuge tube (91,115, PS) which had been sterilized by radiation, was free from pyrogens, DNA, RNA, DNases and RNases and contained analytical ethanol (Honeywell, absolute, semiconductor grade, ≥99.8% vol.). Prior and post sampling, the tubes were stored at ambient temperature but always protected from direct sunlight.
All samples were collected and exported with official authorisation of the government of the Central African Republic. Five months after collection, fecal samples were dried on silica for 48 h (Nsubuga et al., 2004) and DNA was extracted using the QIAamp Stool kit (QIAGEN) with slight modifications and genotyped at 11 microsatellite loci (D5s1457, D10s676, D5s1470-PIG, D4s1627, D7s817-F2, D11s2002-R2, D3s3038, D3s2459, D1s1656, D7s2204 and D2s1326-R2) as described elsewhere (Arandjelovic et al., 2011 (Arandjelovic et al., , 2009 ). While two scat samples turned out to be mixtures of multiple individuals (likely mother and infant), the remaining samples could be assigned to 11 distinct individuals.
Inferring population structure
We compared our chimpanzees samples to other representative populations of Central (P. t. troglodytes) and Eastern chimpanzees (P. t. schweinfurthii) from different geographic regions and roughly equally distant to the CNR (Fig. 1) that were typed at overlapping sets of microsatellite markers. We first combined our data with that of three populations of Central chimpanzees from Loango in Gabon (Arandjelovic et al., 2011) , Lobéké in Cameroon and Nouabalé-Ndoki in the Republic of Congo (Fünfstück et al., 2015) and one population of Eastern chimpanzees from Budongo-Bugoma in Uganda (McCarthy et al., 2015) and used the eight microsatellite loci D10s676, D5s1470-PIG, D4s1627, D7s817-F2, D11s2002-R2, D3s3038, D3s2459 and D7s2204 that were typed in all populations. In a second set of analyses we added two additional populations of Eastern chimpanzees from Ugalla in Tanzania (Moore and Vigilant, 2013) and Gishwati in Rwanda (Chancellor et al., 2012) . Given substantial mismatch between microsatellite loci used by these studies, these analyses were limited to the three microsatellite markers D5s1470-PIG, D7s817-F2 and D11s2002-R2. In both cases, we selected only individuals without missing data, but limited the data set to 14 individuals per population to maintain balanced sample sizes. We did this as a precaution, as in case of uneven sampling, distinct subpopulations represented by only few samples tend to cluster together while individuals from extensively sampled and panmictic subpopulations tend to be split when inferring population structure from genetic data (Puechmaille, 2016) .
We used the software STRUCTURE Version 2.3.4 (Pritchard et al., 2000) to infer the genetic structure of the chimpanzees and to assign our samples to the correct subspecies. In all cases, STRUCTURE was run multiple times to check for convergence and always with a burn-in of 10 5 steps and 5 · 10 5 steps during data collection and used the delta K method (Evanno et al., 2005) to identify the most likely number of clusters K. Given the generally low number of markers, we decided to use a non-admixture model (individuals are exclusively from one population or another) with priors on the sampling location. This model is appropriate for studying fully discrete populations and is often more powerful than the admixture model at detecting subtle structures (Pritchard et al., 2010) . However, to test the robustness of the obtained results, we also conducted all analyses using the default admixture model.
Results
Current distribution
Despite extensive camera trapping (21062 camera trap days) and 1750 km of walked transects, we have not found any evidence for chimpanzees in the CNR west of the Chinko River. During expeditions to the east of the Chinko River, however, ample evidence of chimpanzees was discovered both with camera traps and on walked transects, suggesting that chimpanzees are rather abundant in that area. This is illustrated in Fig. 2 where we plot all locations at which direct or indirect chimpanzee sightings were recorded, as well as the remaining of the 597 distinct locations that were surveyed with camera traps in 2012-2016 (with or without chimpanzees records). Consequently, our data strongly suggest that presently no significant population exists west of the Chinko River, but a sizeable population between the Chinko and Vovodo Rivers as well as further east.
Community structure and composition
While our short period of observation did not allow us to draw any detailed conclusions regarding the complex long-term community structure of chimpanzees, the geographic and temporal distribution of direct and indirect chimpanzee observations on transects and by camera traps suggests that the area was inhabited by multiple distinct social groups (henceforth referred to as communities) during the surveyed dry season. In total we identified at least five communities (C1-C5, Fig. 3, Supplementary Fig. A1 , Supplementary text) that each inhabited a distinct and confined geographic area in which they were recorded regularly either directly or indirectly. Such recordings often occurred concurrently for the different communities (35 pairs within 5 h, between 7.6 km and 43.0 km and on average 14.4 km apart, Fig. 3 , Supplementary Fig. A1 ). In addition, we could individually identify 22 chimpanzees based on morphological features and all of these individuals were recorded in the area assumed to be inhabited by their community only.
A sufficient number of photographs (1656) were recorded for communities C1, C2 and C3 to infer minimal group sizes and some information regarding their composition. We estimated that Community C1 consisted of at least 19 individuals: four adult males, six adult females, six juveniles and three infants. Community C2 consisted of at least 29 individuals: nine adult males, nine adult females, one subadult, four juveniles and six infants. Finally, Community C3 consisted of at least 14 individuals: four adult males, four adult females, four juveniles and two infants. The presence of juveniles and infants in all communities suggests that these were successfully reproducing. This is further supported by camera trap events of multiple adult females carrying infants (two, six and one females in C1, C2 and C3, respectively) or being in estrus (one and two in C1 and C2, respectively).
Interestingly, and despite the heterogeneous landscape, all identified chimpanzee communities used rather limited areas, at least over the course of the several-week-long survey period. This is best illustrated with Community C2, which we recorded regularly but only within a minimum convex polygon of 3.5 km 2 . This area is situated in a major closed canopy forest (CCF) cluster of about 10.5 km 2 that we surveyed with nine camera traps and 14 additional traps distributed around, within 6.5 km from the observed activity center (Supplementary text). When also considering older nests and more stringently accounting for areas not densely surveyed, the territory of Community C2 was < 30 km 2 during the survey period. While our data for Community C1 do not allow for an equally accurate territory estimate, all camera trap records, direct observations and fresh nests from that community are from a forested area of only 9.6 km 2 using a minimum convex polygon. However, this community likely also used a neighbouring forest patch regularly, as i) we did not record any chimpanzees in the aforementioned area for up to 28 consecutive days, ii) both fresh and old nests were found in both forest patches and iii) a camera trap located in open savanna woodland in between these patches recorded a large number of individuals moving through multiple times in both directions ( Supplementary Fig. A3 ). Conservatively estimated, the territory of Community C1 was thus about 40 km 2 containing about 15 km 2 of suitable habitat (CCF, see below). The records of the other communities do support territories of similar sizes, albeit with much larger uncertainty as a result of the limited data available for those (Supplementary text).
Chimpanzee density
We conducted standing-crop nest count (SCNC) surveys in the CNR to estimate local chimpanzee densities. Our survey effort was 86.2 km of transect walked in CCF, which constitutes the only habitat used by chimpanzees for nest building according to our observations (see below) and other reports from ecotone habitats (Marchesi et al., 1995) . We counted a total of 384 nests and used DISTANCE 6.2 to estimate chimpanzee nest density in our study region from these data based on the half-normal key detection model with lowest Akaike information criterion (Buckland et al., , 2001 . Under this model, we estimate a density of weaned chimpanzees in CCF of 0.81 (95% confidence interval 0.48 to 1.37) when using a nest production rate of r = 1.14 and a mean nest lifetime of 140 days (Table 1) . Repeating the analysis with alternative values frequently used in the literature resulted in estimates ranging from 0.63 to 1.43 weaned chimpanzees per km 2 (Table 1) .
To further assess the robustness of our estimate, we also inferred densities using the "cluster" approach in DISTANCE. Such estimates are highly dependent on the definition of nest-groups and the estimate of their sizes. To obtain a conservative estimate, we measured for each nest the distance to the closest other nest for ten independent sites with fresh nests (< 7 days). This resulted in distances from 5 to 102 m (38 m on average), based on which we defined a nest-group distance (NGD) of 102 m, which ensured that each of these localities was treated as a single nest group. Applying this definition to the full data resulted in 139 nest-groups that ranged from 1 to 21 in size and consisted of 2.8 nests on average. From this data we estimated a density of 115.01 nests/km 2 , which translates to a weaned chimpanzee density in CCF of 0.72 (95% confidence interval 0.46 to 1.13) when using a nest production rate of r = 1.14 and a mean nest lifetime of 140 days (Table 1) .
Other definitions of nest-groups are frequently used, however. Using a much smaller NGD of 20 m (Kouakou et al., 2009) , we counted a total of 170 nest-groups of 2.26 nests on average (median 1), which resulted in a 25% higher weaned chimpanzee density of 0.90 per km 2 (95% confidence interval 0.55 to 1.45) when using a mean nest lifetime of 140 days and a nest production rate of 1.14, as above (Table 1) . It is important to note, however, that these estimates assume an equal rate of decay for all nests in a group, but differential decay was apparent from our data as groups older than two weeks consisted of only 2.6 nests on average, while groups younger than seven days consisted of 3.3 nests on average.
In conclusion, all alternative ways of estimating weaned chimpanzee density in the surveyed region fall well within the confidence interval of our most trusted estimate of around 0.81 weaned chimpanzees per km 2 of CCF, which was based on single nests and parameter values most suited for the surveyed habitat. Based on the community composition estimates from our camera trap survey, we estimate the proportion of nest-builders in a community to be about 0.83 and 0.71 when assuming that all individuals except infants build their own nest or only half of the juveniles build visible nests, respectively. This estimated proportion of nest-builders from Chinko falls within the values mentioned in the literature for chimpanzees and bonobos (Kühl et al., 2008) . The total density of chimpanzees in the study region thus amounts to about 1.06 chimpanzees per km 2 of CCF.
Population size
We next estimated the total population size of chimpanzees in the part of the CNR occupied by chimpanzees. This region, corresponding to the former hunting zone Vovodo Chinko 41, is bounded by the Chinko River in the west and Vovodo in the east, which also constitutes the current eastern boundary of the CNR itself. Within this region, we estimated a total area of 1120 km 2 of CCF from our habitat map inferred at a spatial resolution of 30 × 30 m from calibrated LANDSAT data revealed. Based on the estimated weaned chimpanzee density of 0.81 per km 2 of CCF reported above, we thus expect around 907 (95% confidence interval 538 to 1534) weaned chimpanzees to inhabit the CNR, which amounts to about 1200 chimpanzee individuals in total. Given that the total area of the eastern CNR between the rivers Chinko and Vovodo is 3240 km 2 , the overall weaned chimpanzee density in this region would be 0.28 individuals per km 2 . But we stress that this value is of limited use since the abundance of CCF is highly heterogenous in the Eastern CAR and thus the same is almost certainly true of the chimpanzee density.
We used a second approach to estimate chimpanzee population size in CNR which is independent of nest count techniques (Kühl et al., 2008) . Based on our observed number of chimpanzee communities and estimated territory sizes of under 30 km 2 CCF, as well as the distribution of suitable CCF habitat, a total of about 45 independent chimpanzee communities seem plausible within the CNR ( Supplementary  Fig. A2) . Given that we observed about 15 weaned individuals per group, we arrive at an estimate of approximately 675 weaned chimpanzees. While admittedly rough (Newton-Fisher, 2003) , this estimate nonetheless falls well within the range estimated above, thus confirming the plausibility of the obtained conclusions.
Habitat preferences
While chimpanzees in other ecotone regions were found to occasionally nest in woodland savanna (Baldwin et al., 1982; Hicks et al., 2014; McCarthy et al., 2015; Moore and Vigilant, 2013; Ogawa et al., 2007; Pruetz et al., 2008) , all 406 chimpanzee nests found in this study were located in CCF, as was also reported for the ecotone of Republic of Côte d'Ivoire (Marchesi et al., 1995) . In the CNR, chimpanzees further favor extensive CCF habitat also around their nest sites. Indeed, a circular area around the 154 unique nest sites (NGD of 20 m with no overlap) contained significantly more CCF than the same area around random CFF locations within the region inhabited by chimpanzees, regardless of scale ( Fig. 4 , p < 10 − 5 at all scales).
Genetic comparison
We obtained good quality genotypes of 11 individuals at 11 microsatellites from fresh chimpanzee feces collected in the field. The samples represent three of the putative groups identified above (Communities C1, C2 and C3). Since there is no standard set of microsatellites used and since the comparison of alleles identified by different research groups is difficult, we restricted our comparison to individuals from one Eastern (Budongo-Bugoma, n = 14, (McCarthy et al., 2015) and three Central chimpanzee populations (Arandjelovic et al., 2011; Fünfstück et al., 2015) Loango, n = 12, Lobéké, n = 12 and Ndoki, n = 14, (Arandjelovic et al., 2011; Fünfstück et al., 2015) and also to eight loci for which we were confident in matching alleles between studies. Despite the limit number of markers, all analyses conducted with STRUCTURE consistently assigned the CNR individuals to an Eastern chimpanzee cluster both at the preferred K = 2 and any higher K (Fig. 5) . Notably, the central populations first form their own clusters in the case of K = 4, although the populations of Lobéké and Ndoki were as close as 145 km. This robust grouping of the CNR chimpanzees with Eastern chimpanzees was further confirmed in additional analyses ( Supplementary Fig. A4 ) with a reduced set of only three loci but two additional Eastern chimpanzee populations from Gishwati and Ugalla (Chancellor et al., 2012; Moore and Vigilant, 2013) . We also note that the clustering of our CNR samples with those from Budongo-Bugoma is not due to physical proximity since the CNR is about equally distant from Nouabale-Ndoki, the closest Central chimpanzee population included in our analysis (approx. 950 km). In addition, all Central chimpanzee populations included are geographically much closer to each other (145-835 km) but are identified as individual clusters in our STRUCTURE analysis at lower K's than Budongo/Chinko. Finally we note that all results are also confirmed, albeit with more noise, when performing the analysis with the admixture ancestry model (data not shown).
Discussion
Here we report the presence of a viable population of Eastern chimpanzees (Pan troglodytes schweinfurthii) in the eastern part of the Central African Republic (CAR). Their location at the northern limit of the chimpanzee distribution and their heterogeneous habitat in the forest-savanna ecotone make them an ecologically relevant population for the long term survival of the species (Plumptre et al., 2010) . Surprisingly, the population appears confined to habitats east of the Chinko River as no evidence for chimpanzees was found west of that river despite considerable survey effort. This geographic distribution is in contrast to recent distribution models that predicted much more favorable environmental conditions west of the Chinko River and classified most parts of Eastern CAR and the entire eastern part of CNR as unsuitable (Junker et al., 2012; Plumptre et al., 2010) . At least 25000 km 2 (27%) (IUCN SSC A.P.E.S. database, Drexel University and Jane Goodall Institute, 2016), or 57290 km 2 (62%) (Plumptre et al., 2010) of the supposed chimpanzee distribution in Eastern CAR as estimated by the International Union for the Conservation of Nature (IUCN) and the Wildlife Conservation Society (WCS), respectively, is most likely not or no longer occupied by chimpanzees. Our study thus showcases some limitations of relying solely on remote sensing data to Biological Conservation 213 (2017) 84-94 predict distributions of endangered species in regions for which limited or no training data is available, and therefore illustrates the necessity of extensive field surveys to accurately assess population density in remote and scientifically underrepresented areas. This is especially relevant for species like chimpanzees that may adapt their lifestyle to diverse environmental conditions but are heavily affected by anthropogenic disturbances.
Long term conservation of chimpanzees
The revised distribution map of chimpanzees in the Eastern CAR necessitates a reevaluation of the chimpanzee conservation strategy in the region. Being currently the only area under conservation management, the CNR will likely play a crucial role in any such action plan. Within its boundary we estimated the presence of about 900 chimpanzees. On their own they are at the lower limit of what constitutes a viable population, for which often a few thousand adult individuals are needed to ensure long-term persistence (Reed et al., 2003; Traill et al., 2007/9) . However, adjacent areas connected via continuous habitat suggest that the population of chimpanzees beyond the limits of the reserve is much larger. Indeed, our own observations combined with information from big game hunters, local trophy hunting operators, local poachers and Central African researchers (Ndallot et al., 2015) suggest that chimpanzees were present in 2015 in the adjacent, designated but unmanaged Zémongo reserve (Roulet et al., 2007) as well as in the hunting zones Daradou 42, Djema 43 and the western part of Dembia 49 belonging to the drainage system of the Chinko River (see Supplementary Fig. A1 for a map). All these zones are already designated as areas to maintain wildlife and contain 3348 km 2 of CCF in total, which likely harbour~2700 chimpanzees at the density estimated above. Together with the CNR, these could form a continuous conservation area inhabited by~3600 chimpanzees. Given the relatively low human density and abundant CCF habitat, several thousand additional chimpanzees may occur in the vast hunting zones further to the east, but no reliable information about current chimpanzee presence or the general status of wildlife is currently available for that region.
In conclusion, Eastern CAR appears to be an important stronghold of Eastern chimpanzees in the Central African forest-savanna ecotone, as was previously recognized (Plumptre et al., 2010) . In order to ensure the long-term viability of this population, a dedicated conservation action plan is urgently needed to i) enlarge the currently protected area, ii) reduce the ongoing killing of chimpanzees by local and international poachers and iii) limit the destruction of habitat by nomadic pastoralists from the Sahel and through illegal mining. Local employees managing the CNR report that chimpanzee meat is frequently sold and orphans often kept in towns of the Eastern CAR. While most poachers claim these chimpanzees to originate from the Democratic Republic of Congo, CNR rangers recently confiscated dead chimpanzees transported on a logboat on the Chinko River 100 km away from the next settlement or road, suggesting that poaching is a major threat also in remote areas of the CNR. In line with this, chimpanzees directly observed during our posterior probability that individual i is from population K K field work were invariably extremely stressed and tried to leave as quickly as possible, sometimes even leaving their screaming juveniles or isolated mothers with infants behind. Such behavior was previously connected with hunting pressure in similar habitat . Interestingly, at locations where chimpanzees were present, our camera traps recorded chimpanzees already short after installation (32% within two, 82% within seven days). This suggests that chimpanzees return to productive areas very quickly after disturbance, maybe as a result of the generally high level of human disturbance in the area. Our field observations indeed showed that nomadic pastoralists were omnipresent during the dry season in all visited regions of the CNR (their presence was recorded in every 100 km 2 surveyed), and fire monitoring of the Chinko Project suggest they also regularly use the area east of the Vovodo River, despite the fact that the CNR is one of the most remote areas on the planet and its natural vegetation is still virtually pristine. However, the massive influx of herders mainly from Darfur, Sudan (Roulet et al., 2007; Tidjani, 2015) is very recent (Henriot, 2014; Mararv, 2015) . Many of their behaviors have a negative impact on the natural habitat and wildlife, i.e. cutting corridors through forests, burning down entire forest patches, debarking large tree stands or cutting down major trees with bee nests (Tidjani, 2015) . Illegal mining further threatens fragile bodies of surface water and dramatically increases local poaching in western parts of the CNR, although its impact is currently low in the east where chimpanzees occur.
Ecological considerations
Our analyses suggest that the chimpanzees in the Eastern CAR are true forest dwellers that cross savanna habitat to reach other forest patches, but neither for nesting nor foraging. All our observations are from the dry season, but the complete absence of older nests in the open savanna woodland suggest that this habitat was also not frequently used during the highly productive wet season that concluded only two month prior to our survey period. The observed minimum territory of about 30 km 2 , with kernels as small as 3.5 km 2 , indicates that forest patches in Eastern CAR provide a local abundance of food resources. Indeed, such small or smaller territory sizes are only reported from highly productive humid forests (Amsler, 2010; Chapman and Wrangham, 1993; Kouakou et al., 2011; Morgan et al., 2006; Newton-Fisher, 2003) and territories in savanna-woodland habitats tend to be much larger (Ogawa et al., 2006; Pruetz and Lindshield, 2012) .
An open and somewhat puzzling question is why chimpanzees do not occur west of the Chinko River, especially since we did not observe any major difference in the abundance of other wildlife or disturbances on the different sides of the Chinko river. Since the historical data is very imprecise and often not well described, it may indeed be that the few reports of chimpanzees in the west were assigned to incorrect locations and chimpanzees never actually occurred in that area. However, given the large patches of forests in the west and the fact that the Chinko River can easily be crossed during the dry season (personal observation), this appears unlikely. But it also appears unlikely that chimpanzees in the west were poached to extinction in recent times since that area is much less accessible by boat or by road than the eastern part where chimpanzees seem to occur at considerable density. The most likely explanation may thus be that chimpanzees west of the Chinko River went extinct in historical times and, being inefficient colonizers (Goodall, 1986; Goossens et al., 2005; Kawanaka and Kenji, 1984; Langergraber et al., 2014; Mitani et al., 2002; Nishida, 1983; Teleki et al., 1976; Wilson and Wrangham, 2003) , never reclaimed the western part. The omnipresence of artifacts (especially pottery fragments but also isolated mango trees or oil palms) of abandoned villages as well as the abundance of locations mentioned on old maps and historical texts (Coquery-Vidrovitch, 1972) suggest that the human population density in the currently uninhabited western part of the CNR may have been much higher in the past. This may have led to the local extinction of chimpanzees both through elevated hunting pressure and environmental degradation due to farming and timber production, in combination with global climate changes and the depletion of elephants as ecosystem engineers. Satellite images as well as our observations in the field indeed indicate that large parts of the forests west of the Chinko River are secondary successional forests in former savanna woodland.
Conclusion
Without proper field surveys, important populations for conservation of even charismatic mammals may easily be neglected, resulting in misguided conservation research and planning. Here we report the presence of a sizeable but threatened population of Eastern chimpanzees (Pan troglodytes schweinfurthii) in the savanna -forest ecotone of the eastern part of the Central African Republic. In contrast to predictions based on habitat considerations, this population currently only inhabits the closed canopy forests east of the Chinko River. As a result, only a fraction of the Chinko Nature Reserve is currently inhabited by chimpanzees, the only area under conservation management in the region. The long-term conservation of this ecologically important population critically depends on 1) the extension of the protected zones to include adjacent areas already designed for nature conservation but are not yet actively managed, and 2) the implementation of a conservation action plan to avert the threats posed by poaching, mining and the massive influx of pastoralists from the Sahel during the dry season.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.biocon.2017.06.031.
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